Abstract Aggregated soils are structured systems susceptible to non-uniform flow. The hydraulic properties depend on the aggregate fabric and the way the aggregates are assembled. We examined the hydraulic behavior of an aggregate packing. We focused on conditions when water mostly flows through the aggregates, leaving the inter-aggregate pore space air-filled. The aggregates were packed in 3 mm thick slabs forming a quasi two-dimensional bedding. The larger aggregates were wetted with water and embedded in smaller aggregates equilibrated at a lower water content. The water exchange between wet and drier aggregates was monitored by neutron radiography. The three-dimensional arrangement of the aggregates was reconstructed by neutron tomography. The water flow turned out to be controlled by the contacts between aggregates, bottle-necks that slow down the flow. The bottle-neck effect is due to the narrow flow cross section of the contacts. The water exchange was simulated by considering the contact area between aggregates as the key parameter. In order to match the observed water flow, the contact area must be reduced by one to two orders of magnitude relative to that obtained from image analysis. The narrowness of the contacts is due to air-filled voids within the contacts. 
Introduction
Aggregation affects the movement of water, air and solutes in soils as well as their mechanical stability. Primary particles are aggregated as micro-porous structural units having diameters ranging from less than one millimeter to some centimeters. The pores in-between these structural units may be filled with looser materials or remain empty, depending on the history of the structure formation. Aggregation is common for instance in the plough layer of tilled soils, in biologically active forest soils, and in humus-rich calcareous top soils.
Aggregated soils have a complex three-dimensional geometry that highly affects the hydraulic behavior. The large inter-aggregate pores form the primary pathways for rapid infiltration, causing small-scale preferential flow and accelerating the leaching of solutes (Jarvis 2002). Under prevalent conditions, the inter-aggregate pores are drained and the water redistributes slowly through the micro-pore region of the aggregates. The large difference between the properties of the macro-and micro-porous regions leads to non-equilibrium flow conditions. Barenblatt et al. (1960) introduced a dual-porosity model to describe the water flow in a medium that exhibits large pores in-between a less permeable matrix. In this model, the porous medium is considered as two superimposed and interacting domains, representing the macro-and micro-porous regions. This concept was implemented in several codes. A recent review can be found in Šimůnek et al. (2003) . The hydraulic properties to be used in such dual-porosity models depend on the complex three-dimensional geometry of the aggregates as well as on the properties of the individual aggregates themselves.
In the studies quoted below, various properties of individual aggregates have been investigated. McKenzie and Dexter (1996) developed a method to measure the saturated conductivity of single aggregates. Zimmerman and Bodvarsson (1990) studied the water infiltration into porous blocks of different shape and size. Thoma et al. (1992) investigated the effect of coating on the water transfer between fractures and porous matrix. Gerke and Köhne (2002) investigated the apparently less permeable aggregate coating. Park and Smucker (2005) found that the surface of the aggregates exhibits a larger porosity than the interior. There is still some debate about coating being a general characteristic of aggregated soils or just specific for some soils.
The transition from the scale of individual aggregates to the larger scale of dual-porosity models remains to be conceptualized. In particular, the properties of the micro-porous region of the aggregates have so far received little attention, despite the fact that under prevalent conditions the water flows through the aggregates and the large pores are drained. In this research, we study the water flow trough an aggregate packing, with particular attention to the water exchange between aggregates, aiming at understanding the relevant properties that control the water exchange.
Model concepts and approach
When the large pores are drained, the water flows from aggregate to aggregate. The bridging contacts are mostly narrow compared to the aggregate diameter. Therefore,
